Photovoltaic (PV) technology has experienced an amazing development during the last decade, driven by the rapidly decreasing cost at even more rapidly increasing production volumes. This development is discussed from both perspectives, the global PV market and the technology developments accompanying this process. An outlook is given for the possible size of the global PV installations in 2030 and 2050.
This increasing energy need will have to be supplied by an ever-increasing share of renewable energy, accompanied by an increasing share of electricity in the global energy use. Among all the possibilities to harvest renewable energy, two will be the pillars of the future energy system: harvesting solar and wind energy. All other ways of providing renewable energy, such as utilization of biomass, geothermal energy, wave and tidal energy, will be useful to use where they can be earned, but their potential pales in comparison to wind and especially solar energy: harvesting about 1/10.000 of the sun's energy reaching the earth is sufficient to satisfy all human energy demands, in just one hour the sun provides the energy we need in a whole year! In a detailed study Hans-Martin Henning and coworkers at Fraunhofer ISE 1 investigated the German needs of electricity, heat, gas, and other fossil fuels. The goal was to investigate how these needs could be satisfied using an ever increasing fraction of renewable energy, supplying stable and reliable power around the clock for private and commercial use and transportation. The study was based on real, historic data in hourly resolution of energy consumption and supply. It modelled how to satisfy the countries' needs till 2050, based on this hourly resolution. It required many assumptions, e.g. on increasing energy efficiency and increasing fractions of electricity in the energy grid. Thousands of runs were carried out in order to find out the most cost-effective way to satisfy a stable energy supply with increasing fractions of renewable energy.
One important result was that providing 80% of renewable electricity will be a cost-effective sweet spot, resulting in an energy system that can be maintained at the cost of today's energy system, after the investments into renewable energy supply are made. Going for 100% requires considerable additional investments especially in the utilization of power-togas. The peak electric power demand of Germany is about 80 Gigawatt (GW), but in order to provide 80% from renewable energy, it turned out that a total of about 150 GW of PV and 150 GW of off-and onshore wind will have to be installed, i.e. in total about four times the peak power demand. Today, in Germany about 40 GW of PV and wind power are installed, respectively, so these numbers will have to be each quadrupled in order to reach the country Therefore, it is quite safe to predict that the 2020 market will reach or exceed the 110 GW/a predicted by Sarasin back in 2010, Fig. 2 . In other words: from 2015 with a 56 GW/a market we expect till 2020 a further doubling of the world market, in only five years! The last five years have been very tough for all PV producers worldwide, and this is best understood by considering the actual PV production and PV sales numbers since 2010, see Fig. 3 . The rapid growth of PV production since 2008, driven mainly by new capacity in the different, competing regions in China, was much faster than the growth of the PV world market. In 2012, the market had doubled from 2010, to 30 GW/a, but the production capacity had reached 60 GW/a, double this amount. In consequence, prices tumbled, as is easily visible in the price experience curve, Fig. 1 , and by 2013 prices were far below the long-time price experience curve. Many PV producers were forced to sell even below production costs, as cash-strapped producers conducted fire sales of their stock of ready-produced PV modules.
This situation should turn to the better in the coming years, as we will expect another doubling of the PV market that is not yet matched by present production capacity. Therefore, it might be worth to mark 2016/2017 as the start of the 2nd cycle of PV, PV starting to head into the Terawatt scale for PV. Using simple assumptions, it was projected that just maintaining the 2015 PV deployment rate would result in reaching 1 TW deployment well before 20130. 3 An annual growth rate of the PV market of 25% would result in reaching 5 -10 TW by 2030, which still would supply less than 10% of the world's energy needs. In order to supply by PV just 1/3 of the world's energy needs of about 50 TW expected for 2050, about 70 TW of PV will need to be installed -at good locations, with 2000hrs of sunshine annually. So, there will be plenty of opportunities for further market growth of PV, the global PV market is still in an embryonic state, comparable to the automotive industry around 1900. Fig. 5 shows that even for the modest assumption of 4-5 TW of installed PV capacity 2050 the graph of the expected global PV installations is very impressive, considering the modest value of about 300 GW installed presently! A similar argument could be made for global wind installations, but this is not our topic here. In addition, we cannot elaborate here whether at this point a worldwide supergrid with East-West electricity transport allowing to follow the sun, large-scale storage, or large-scale power-to-gas technologies might be used to guarantee secure energy supply around the clock. A combination of these approaches presently seems to be the most likely scenario, as could be shown for the example of a high-tech country like Germany.
Global PV Production Capacity and Installations
PV Heading into the Terawatt Range -this is a Disruption! Rapid introduction of PV globally is fueled by availability of costcompetitive, distributed energy In 2050 or before between 4.000 and 30.000 GWp PV will be installed! By 2016, less than 300 GWp have been installed!
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We are just at the beginning A key factor for this growth will be continuous technology advances, aimed at higher efficiencies at reduced cost. In addition, solar cell efficiency will be even more important than lowest cost, to optimize energy harvest from a given area. Crystalline Silicon technology currently represents more than 95% of the global PV market, see Fig. 6 .
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The remaining about 5% of the world market is provided by thin-film technologies that 30 years ago provided a full 30% of the world PV market, as shown on Fig. 6 . However, the rapidly decreasing costs of crystalline Si PV, accompanied by rapidly increasing cell efficiencies of this Gigawatt-scale technology, made survival for thin film technologies difficult. They generally offer lower efficiencies at no longer lower cost. Today, only one company is still relevant in this market segment, First Solar, that developed a stable business model offering to build solar parks with CdTe-based thin film modules produced in Gigawatt-scale in their own factories. Other thin-film approaches such as CuIn(Ga)S(Se) (CIGS), organic PV, dyesensitized solar cells or Perovskite-based cells up to now were unable to reach such a large-scale, cost-effective production volume. The dominant crystalline Si technology is approaching a ceiling of 29% efficiency, the Schottky-Queisser limit for a single-bandgap semiconductor. 5 New approaches for higher efficiencies require heterojunctions, and for those several approaches are possible. In the last years, multijunction heterojunctions were developed that offer the promise of efficiencies approaching 50%, and the current world record of 46% under about 500x concentration has been achieved with this technology. 4 However, these structures are very costly to produce, in order to be financially competitive a wafer is cut in 100s of small cells, and each cell is placed under a collecting lens, so that all light shining on the large area of that lens can be converted into electricity with the small, highest-efficiency cell. Because of the complex cell production technology and the need for two-axis tracking, this technology has not yet reached the GW-scale, that would allow truely cost-effective production.
A different technology approach does have the potential to take up an interesting share of the world PV market, and these are heterojunctions on silicon. Combining a suitable thin-film semiconductor with a good crystalline Si solar cell opens up the possibility to achieve efficiencies above 30%, based on standard Si-based solar modules. The problem is, however, that depositing any other material on top of a good Si solar cells first degrades that cell's performance, and convincing examples of low-cost heterojunction technologies on Si solar cells still have to be demonstrated. The leading candidates surely are low-cost III-V deposition, or the deposition of Perovskite-based structures, a technology, that within the last five years showed the most impressive increase of cell efficiencies, exceeding already 22% today. 6 In conclusion, we will experience the further development of photovoltaic technology into the Terawatt scale within the coming 10 years, by 2030 the world PV installations might be between 3 and 10 TW, and by 2050 might reach 50 TW or more, at costs of PV-generated electricity around 1 ct/kWh or lower, clearly lower than all competing technologies to provide electricity. At such levels new technologies, such as electricity generation by nuclear fusion, have hardly any
